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Abstract 
A crack becomes stationary during blanking when the clearance between the punch and the die is relatively small. In this work, 
a simulation of the stationary crack during blanking was performed using the node separation method. When a crack becomes 
stationary, one fracture surface contacts another fracture surface in the region near the stationary crack. Therefore, a simplified 
simulation method is proposed for the material contact. Special attention was paid to the effect of the various kinds of ductile 
fracture criteria on crack initiation and crack propagation during blanking. The shapes of chips and holes and the relationship 
between punch displacement and punch force calculated from the simulation agree well with those obtained experimentally. 
 
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
     Shearing operations, such as blanking, piercing, trimming, cropping, guillotining, and slitting, are some of the 
most important metal forming operations used in manufacturing industries. In such operations, a material is divided 
into two parts by fracturing. Because the surface properties that result from shearing operations are usually the 
same as those of the final product, this process must be carefully controlled. Furthermore, because the surface 
properties that result from fracturing a material depend on its ductile fracture behavior (i.e., its crack propagation 
behavior), crack propagation should be simulated to clarify the surface properties induced by shearing operations. 
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Fig. 1. Crack shapes for various clearances between punch and die: (a) optimum clearance; (b) large clearance; (c) small clearance. 
     The crack propagation behavior in shearing operations depends on the clearance between the punch and the die 
(Suzuki et al., 1980). Fig. 1 shows the crack shapes for various clearances between the punch and die. Fig. 1(a) 
shows the crack shape for an optimum clearance; the crack that nucleates at the punch corner coalesces with the 
crack that nucleates at the die corner, with no change in the propagation directions of the two cracks. Fig. 1(b) 
shows the crack shape for a large clearance; the crack that nucleates at the punch corner coalesces with the crack 
that nucleates at the die corner, and the propagation directions of the two cracks are altered, thereby causing 
unevenness at the center of the material along the thickness direction. Fig. 1(c) shows the crack shape for a small 
clearance; the crack that nucleates at the punch corner does not coalesce with the crack that nucleates at the die 
corner, and the two cracks become stationary. Subsequently, other cracks nucleate and propagate until the material 
ruptures. 
     Thipprakmas et al. (2008) reported the simulation of a stationary crack in fineblanking using the element 
deletion method, whereas Komori (2013) used the node separation method to simulate a stationary crack during 
blanking. However, the simulations of stationary cracks in shearing operations are not necessarily sufficient. Hence, 
in this study, the simulation of stationary crack in blanking was performed using the node separation method to 
validate the method of the simulation. 
2. Simulation method 
     The displacement of the tool at the mth time step is assumed, and the simulation is performed using the rigid-
plastic finite element method (FEM) (Kobayashi et al., 1989). When the material fractures at the mth time step, the 
displacement of the tool is modified such that only one element fractures. Moreover, when the material adjacent to 
the crack tip fractures, one node is separated into two nodes so that the element interface can fracture. Finally, 
remeshing is performed and the displacement of the tool at the (m+1)th time step is assumed. However, when the 
material does not fracture at the mth time step, remeshing is performed and the displacement of the tool at the 
(m+1)th time step is assumed. This procedure is repeated until the material ruptures. 
     The conventional von Mises yield function and Levy-Mises constitutive equation are used. Furthermore, the 
conventional axisymmetric rigid-plastic FEM is used. The incompressibility condition is satisfied by the penalty 
method. The Amontons-Coulomb law of friction is assumed between the material and the tool. 
     The following four types of ductile fracture criteria are used. 
     Freudenthal’s fracture criterion (1950) in nondimensional form is 
,1³ t CdtH   (1) 
where 1C  is a material constant and is defined as Freudenthal’s critical damage value. 
     Cockcroft and Latham’s fracture criterion (1968) in nondimensional form is 
,2max Cdt t³ HV
V    (2) 
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where maxV  is the maximum principal stress and 2C  is a material constant defined as Cockcroft and Latham’s 
critical damage value. 
     Brozzo et al.’s fracture criterion (1972) is 
  ,3
2
3
max
max Cdt
m
t
³ HVV
V    (3) 
where 3C  is a material constant and is defined as Brozzo et al.’s critical damage value. 
     Lastly, Oyane’s fracture criterion (1972) is 
,44³ t¸¹
·¨
©
§  CdtBm H
V
V    (4) 
where 4B  and 4C  are material constants, and 4C  is defined as Oyane’s critical damage value. 
     When a crack becomes stationary, one fractured surface can contact the other fractured surface. Hence, the 
contact between the two fractured surfaces should be considered. However, the precise simulation of the contact 
between two materials in metal forming processes is not easy (Habraken and Cescotto, 1998). In this study, the 
contact region between the two fractured surfaces is limited. Furthermore, the contact line, which denotes the 
contact surface in the simulation because of axisymmetry, is almost parallel to the coordinate axis in the axial 
direction. Therefore, a simplified method of simulating the contact is proposed. 
     Fig. 2 shows the finite-element mesh at the contact line. The radial displacement rate of one fractured surface is 
assumed to be coupled with the radial displacement rate of the other fractured surface. Therefore, using the radial 
displacement rate of node i riv  and that of node j rjv , which are on one fractured surface, the radial displacement 
rate of node k rkv , which is on the other fractured surface, is assumed to be 
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
   (5) 
where v  denotes the displacement rate. Thus, one fractured surface is prevented from penetrating the other 
fractured surface. Eq. (5) is adopted when node k slightly penetrates into the line that connects nodes i and j. 
However, it is not adopted when the nodal force of node k in the radial direction becomes negative; i.e., the radial 
displacement rate of node k rkv  is assumed to be an independent variable. 
     The frictional stress on the contact surface is assumed to be the shearing yield stress of the material. 
 
 
Fig. 2. Finite-element mesh at the contact line. 
3. Simulation results 
     Prior to the simulations, tensile tests were performed using JIS SM490A, a rolled steel for welded structure, that 
is equivalent to ISO E275. Table 1 shows the chemical composition of the rolled steel whose thickness was 9 mm. 
r
z
i
j k
Contactline
1105 Kazutake Komori /  Procedia Engineering  81 ( 2014 )  1102 – 1107 
Table 1. Chemical composition of rolled steel (unit: mass%). 
 C Si Mn P S 
SM490A 0.15 0.30 1.47 0.020 0.004 
 
     A uniaxial tensile test was performed and the following stress–strain relationship was obtained: 
   .GPa005.005.1 24.0 HV   (6) 
     Next, a plane strain tensile test was performed. The specimen was manufactured by grooving the rolled steel in 
the width direction of the specimen. The grooved part of the specimen deformed, whereas the other parts did not 
deform. Hence, the deformation of the specimen in the width direction was negligible. The thickness of the 
grooved part of the specimen was 5.0 mm, and the thickness of the specimen at rupture was 2.5 mm. 
     Simulations of the plane strain tensile test and the uniaxial tensile test (Komori, 2002) were performed, and the 
thickness and diameter of the material at rupture were calculated. The material constants 1C , 2C , 3C  , 4C , and 4B  
for the fracture criteria were assumed such that the thickness and diameter of the material at rupture calculated 
from the simulation agreed with those obtained experimentally. To simplify the simulation, 4B  was assumed to be 
0.5 (Komori, 2013). Table 2 shows the material constants for the fracture criteria. 
Table 2. Material constants for fracture criteria. 
 C1 C2 C3 C4 B4 
SM490A 0.8 1.0 1.1 0.9 0.5 
 
     Fig. 3 shows the coordinates, notation, and initial finite-element mesh for the blanking simulation. The outer 
diameter of the punch pr2  is 20 mm, the inner diameters of the die dr2  are 20.6, 21.0 and 22.0 mm, and the initial 
material thickness mt  is 9 mm. The nondimensional punch–die clearances   mpd trr   are 0.033, 0.056 and 0.111, 
respectively. The corner radii of the punch and die are 0.05 mm. The blank diameter is 40 mm. The coefficients of 
friction between the material and punch and between the material and die are assumed to be 0.1. 
 
 
Fig. 3. Coordinates, notation, and initial finite-element mesh. 
               
Fig. 4. Photographs of chips and holes for various punch–die clearances: (a) (rd - rp)/tm = 0.033; (b) (rd - rp)/tm = 0.056; (c) (rd - rp)/tm = 0.111. 
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     The blanking experiment was performed prior to the simulation. Fig. 4 shows the photographs of the chips and 
the holes for various punch–die clearances. A ruler with a millimeter scale is also shown in each image. Because 
the sheared surface exhibits low surface roughness, it has a high gloss, whereas the fractured surface has a low 
gloss because it exhibits high surface roughness. In the region near the stationary crack, a shadow appears because 
of the shading effect of the surrounding material. A large crack became stationary in the chips in the cases of 
punch–die clearances of 0.033 and 0.056, whereas a small crack became stationary in the holes in the cases of the 
same punch–die clearances. 
 
               
Fig. 5. Finite-element meshes of chips and holes using Cockcroft and Latham’s fracture criterion: (a) (rd - rp)/tm = 0.033; (b) (rd - rp)/tm = 
0.056; (c) (rd - rp)/tm = 0.111. 
               
Fig. 6. Finite-element meshes of chips and holes using Brozzo et al.’s fracture criterion: (a) (rd - rp)/tm = 0.033; (b) (rd - rp)/tm = 0.056; (c) (rd - 
rp)/tm = 0.111. 
               
Fig. 7. Finite-element meshes of chips and holes using Oyane’s fracture criterion: (a) (rd - rp)/tm = 0.033; (b) (rd - rp)/tm = 0.056; (c) (rd - 
rp)/tm = 0.111. 
     Figs. 5, 6, and 7 show the finite-element meshes of the chips and the holes generated using Cockcroft and 
Latham’s fracture criterion, Brozzo et al.’s fracture criterion, and Oyane’s fracture criterion, respectively. When 
Freudenthal’s fracture criterion was used, no useful simulation result was obtained because the crack propagated 
unrealistically. Hence, no result is shown for Freudenthal’s fracture criterion. 
     When the punch–die clearance was 0.033, a stationary crack appeared in the chip under Cockcroft and 
(a) (b) (c) 
(a) (b) (c) 
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Latham’s fracture criterion, whereas two stationary cracks appeared in the chip under Brozzo et al.’s and Oyane’s 
fracture criteria. Two stationary cracks did not appear in the chip in my previous study (Komori, 2013). When the 
punch–die clearance was 0.056, a stationary crack appeared in the chip under Cockcroft and Latham’s fracture 
criterion, whereas no stationary crack appeared in the chip under Brozzo et al.’s and Oyane’s fracture criteria. No 
stationary crack appeared in the chip under any of the fracture criteria for the punch–die clearance of 0.111. The 
shapes of the chips and the holes calculated from the simulation agree well with those obtained experimentally. 
 
               
Fig. 8. Relationship between punch displacement and punch force for various punch–die clearances: (a) (rd - rp)/tm = 0.033; (b) (rd - rp)/tm = 
0.056; (c) (rd - rp)/tm = 0.111. 
     Fig. 8 shows the relationship between the punch displacement and the punch force for various punch–die 
clearances. The punch force began to gradually decrease because of the stationary crack when the punch 
displacement was increased beyond the displacement at which the punch force begins to decrease sharply (Komori, 
2013). When a stationary crack appeared both in the simulation and in the experiment, the relationship between the 
punch displacement and the punch force calculated from the simulation agreed well with that obtained 
experimentally. 
4. Conclusions 
     Simulation of a stationary crack during blanking was performed using the node separation method. Special 
attention was paid to the effect of various kinds of ductile fracture criteria on crack initiation and crack propagation 
during blanking. The shapes of the chips and the holes and the relationship between the punch displacement and 
the punch force calculated from the simulation agree well with those obtained experimentally. 
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